A dynarnic programming optimization method is used to obtain the optimal rate control policy in a wireless network with fading channel. In a wireless network it is assumed that the base station is capable of transceiving data packets at two rates, either Rh or RI (Rh > R1).
Introduction
The increasing popularity of the wireless network services with limited amount of available resources calls for highly efficient resource allocation methods [1], [2] , [3] . One of the major issues in wireless data networks is the rate allocation (or control) problem. This is especially important in the downlink, since in a wireless data network most of the traffic flow is from the base station to mobiles, e.g. an Internet connection or a multimedia (voice/image/data) connection. In this paper, we investigate the rate control problem for wireless channels from an optimal control point of view. There exists some literature on obtaining the nature of optimal control policies for a wide range of related problems [1], [3] , [4] . In [2], the authors consider the problem of stochastic control of handoffs in a cellular networks and formulate an optimal policy for base station handoff problem.
In this paper, we derive some properties of a class of optimal rate control problem using the theory of dynamic programming (DP). The general nature of the problem considered is as follows. In a wireless network, the base station is capable of transmitting data packets at two rates, either Rh or RL (Rh > R1). These two rates could correspond to two different modulation schemes such as 32-ary PSK and QPSK. The base station transmits the data packets over a wireless channel to mobile users. The received SNR by the mobile users is subject to fluctuation due to fading and noise. We assume a finite state Markov model (FSM) for the wireless channel. The mobile constantly monitors the received signal to noise ratio (SNR). At each measurement instant the mobile observes the state of the channel and determines which state of channel it belongs to. At each decision making instant by employing an optimal strategy, mobile decides whether to send a request to the base station to switch the rate or not. For this purpose there is a feedback channel (assumed to be noise free) so the user can send its request to the base station. Figure 1 illustrates the block diagram of a system where the mobile employs an optimal strategy in choosing the rate in the network. 
Dynamic Programming
In this section , we review some of the relevant results from the theory of dynamic programming [5] , [6] , [7] .
which will be used subsequently to derive the nature of optimal policies for a class of rate control problems. [8] . To calculate the transition probabilities pij we make the following assumption: pij = 0, li -jl > 1. The Markov model for a multipath fading wireless channel is illustrated in Figure 3 . 
Optimal Data Rate Control
In this section we introduce a cost function which captures the desired trade-off between data transmission quality and switching cost, in an appropriate balanced manner for the optimal rate control (allocation) problem. In order to have a reasonable cost-per-stage R, each time the mobile unit switches between two rates rate Rl, and Rh this should be penalized by a cost associated with rate switching. Let C, denote the cost of the rate switching. On the other hand a reward do (or dl) encourages the mobile unit to switch the rate in order to minimize the transmission delay in the network. Therefore do and dl should correspond to transmission delay associated with the respective rate (or equivalently respective modulation). Associated with each modulation scheme there is a P, probability of symbol error versus SNR curve. The probability of symbol error for M-ary PSK modulation for high SNR is given Where ys is symbol SNR and Q(.) is the &-function.
Using the probability of symbol error, Pe, we can define a quantity which reflects the transmission delay associated with the corresponding modulation scheme. We use first order approximation of transmission delay do where G is a constant, k1 (ko) is the number of bits per symbol and Pel (P,o) is the symbol error probability for rate Rh (Ill). In Figure 4 , these two functions dl and do are plotted for 32-ary PSK and QPSK modulations. The final cost-per-stage function R is defined as follows:
NOW the problem at hand is to solve the following minimization problem (7) is that it can be interpreted as the fixed point of a well defined operator such as T where TV = V . Motivated by the form of the dynamic programming equation (7), we associate R-valued mappings T p and Tup, U = 0 , l defined on 
Average Delay and Rate Handoffs
Once a rate control (allocation) policy (be it optimal or not) has been selected, it is of interest to compute the average delay of transmitting the packets over the wireless channel and the expected number of rate switchings that the mobile experiences while the optimal policy is in effect. These two quantities constitute good measures of the effectiveness of a rate control policy.
We define the average delay D, of the policy n to be the the mean value of the delay of the selected rate to receive the packets from the base station under the policy 7r during the packet transmission, namely 
Numerical Results
In this section, we use numerical methods to find the solution to the optimization problem posed in (5) . It is demonstrated that the optimal policy is indeed a threshold policy. This corroborates the results of Proposition 1.
In our simulations, RI corresponds to a QPSK modulation and Rh corresponds to 32-ary PSK modulation.
The numerical techniques are employed to find the optimal policy for two cases, C, = 0, and C, = 45. Figure  5 illustrates how the rate switching cost C, affects the optimal thresholds TO and r1. These optimal thresholds along with the transmission delay curves, do and dl , are plotted all in the same figure for comparison purposes. The effectiveness of the optimal policy is assessed by comparing the average delay D, and expected number of rate switchings S, for different values of the switching cost C,. Figure 6 illustrates how D, and S, behave while switching cost C, varies.
Conclusions
In this chapter we studied the problem of optimal rate control in wireless networks. A stochastic optimization technique based on dynamic programming method is used to obtain the optimal policy. Using the results from the theory of dynamic programming, it is shown that, the optimal policy for rate control problem is in the form of a threshold policy -a property of significance interests both from the analytical and implementation points of view.
